ABSTRACT Arterial wave reflection may adversely influence both left ventricular afterload and ejection performance. Therefore, using multisensor catheter manometers, we derived wave reflection indexes from ascending aortic pressure and velocity recordings in 17 subjects with clinical heart failure secondary to idiopathic dilated cardiomyopathy and 11 control subjects free of detectable cardiovascular disease. Patients were studied at rest as well as during submaximal supine bicycle exercise. Eight of the subjects with cardiomyopathy were also studied during infusion of nitroprusside at rest and on exercise. Reflection indexes decreased on exercise in normal subjects but did not consistently do so in the subjects with heart failure. In both groups the reflected wave on exercise returned earlier during the ejection period. Infusion of nitroprusside at rest in subjects with heart failure had dramatic, and significant, effects on the magnitude and timing of arterial wave reflections. THE PRESENCE of arterial wave reflections may be inferred from characteristic alterations in the pressure pulse as it propagates along the aorta. 1-6 Both the magnitude and timing of the reflected wave(s) are important in assessing their potential physiologic significance. Since a reflected pressure wave adds to the forward wave, a wave returning during systole would increase ventricular afterload. Reflected flow waves, however, subtract from the forward flow pulse. Therefore a wave returning during systole diminishes net forward flow and is disadvantageous to ventricular ejection.
THE PRESENCE of arterial wave reflections may be inferred from characteristic alterations in the pressure pulse as it propagates along the aorta. [1] [2] [3] [4] [5] [6] Both the magnitude and timing of the reflected wave(s) are important in assessing their potential physiologic significance. Since a reflected pressure wave adds to the forward wave, a wave returning during systole would increase ventricular afterload. Reflected flow waves, however, subtract from the forward flow pulse. Therefore a wave returning during systole diminishes net forward flow and is disadvantageous to ventricular ejection.
Changes in systemic vascular resistance have been shown to result in corresponding changes in the reflection properties of the arterial tree. A decrease in peripheral resistance may decrease wave reflections, whereas an increase in peripheral resistance enhances wave reflections.7-9 However, reflections may diminish in the absence of alterations in peripheral resistance.t0
An increase in systemic vascular resistance is a char-acteristic feature of congestive heart failure.1t We reasoned that physiologic or pharmacologic decreases in systemic vascular resistance might result in corresponding, and hopefully beneficial, changes in the reflection characteristics of the arterial tree. Maneuvers that alter the magnitude of reflected waves may also effect a change in their timing. Thus the overall effect(s) of systemic vasodilation may be difficult to predict. To this end, we compared the magnitude and timing of arterial wave reflections in normal subjects, at rest and on exercise, with those in subjects with congestive heart failure. The effects of nitroprusside in the latter subjects were also analyzed to compare physiologic and pharmacologic arteriolar vasodilation in heart failure.
Methods
Patients. Seventeen patients (12 men, five women), 24 to 66 years old (mean 44 + 12) with clinical signs and symptoms of congestive heart failure (NYHA class III to IV) were referred to the cardiac catheterization laboratory for endomyocardial biopsy and to rule out the presence of coronary artery disease. Each patient had a dilated, diffusely hypokinetic left ventricle on M mode or cross-sectional echocardiography. All patients had structurally normal coronary arteries. All patients were in sinus rhythm and the angiographic or radionuclide left ventricular ejection fraction in these 17 subjects ranged from 8% to 39% (mean 27 + 9%). No patient had significant mitral regurgitation, and all had been clinically stable for at least 2 weeks at the time of study. Vasodilator therapy, when present, was discon-tinued 48 hr before study but digitalis and diuretic therapy were continued. These 17 patients represent the idiopathic dilated cardiomyopathy group. Eleven of these patients have been previously described. 12 Eleven subjects (10 men, one woman), 22 to 65 years old (mean 43 ± 14) were referred for diagnostic cardiac catheterization and coronary angiography because of chest pain syndromes. All had structurally normal coronary arteries, normal cardiac output, and normal angiographic left ventricular ejection fraction (range 56% to 79%, mean 70 + 8%). No patient was receiving cardiotonic or vasoactive medication at the time of study. These 11 patients represent the normal control group. Eight of these subjects have been previously described. '2 Informed consent was obtained from all patients the day before the procedure.
Study protocol. Before angiographic examination, left ventricular and ascending aortic pressures were measured by catheter-tip manometer (Millar VPC-684D) inserted via brachial arteriotomy. The aortic pressure transducer was located 5 cm proximal to the tip (ventricular) pressure transducer. Both transducers were precalibrated against a mercury manometer and were determined to be equisensitive. An electromagnetic flow probe mounted at the site of the aortic pressure transducer was used to derive instantaneous ascending aortic blood flow velocity. The probe was energized by a 500 Hz square-wave electromagnetic flowmeter (Carolina Medical Electronics, Inc., Model 501) whose frequency response was verified in our laboratory. Velocity signals were recorded at a 100 Hz filter setting (frequency response -3dB, at 100 Hz). At this setting, phase lag was linear with frequency (2.5 msec at 100 Hz). The frequency response of the pressure recording channel was flat from 0 to greater than 100 Hz. Thermodilution cardiac output, obtained from a balloon flotation catheter in the pulmonary artery, was determined in triplicate along with aortic and pulmonary arterial blood oxygen saturation.
All patients were studied in the resting, supine state. Approximately 20 to 30 min after instrumentation, each subject's legs were elevated passively in a table-mounted bicycle ergometer and repeat measurements were obtained. This condition served as the control state for all exercise measurements. After completion of the resting hemodynamic determinations, all subjects exercised for 3 to 5 min at an external workload of 300 kgm/min. Upon achievement of a steady state of work performance (unchanging pulmonary arterial oxygen saturation), pressure and flow measurements were again obtained.
After the bicycle exercise, five of the 17 patients with cardiomyopathy were allowed to rest (with feet elevated in the ergometer) until heart rate, aortic and left ventricular pressures, cardiac output or pulmonary arterial oxygen saturation, and pulmonary arterial pressures had returned to within 10% of control values. At this point an intravenous infusion of nitroprusside was begun at 0.25 ,ug/kg/min and increased every 5 min until there was a 10% reduction in mean aortic pressure or a 25% reduction in left ventricular end-diastolic pressure. Pressure and flow were again determined and, after attainment of a steady state, a second 3 to 5 min bicycle exercise period at 300 kg-m/min was accomplished with repeat hemodynamic determinations. Four subjects underwent exercise with administration of nitroprusside immediately after the baseline, supine hemodynamic determinations. These subjects were allowed to rest (with feet elevated) after discontinuaion of the nitroprusside infusion and then concluded the protocol with an unmedicated exercise routine. Establishment of control hemodynamic conditions in these patients was verified as described above.
All patients tolerated the exercise period well and there were no complications related to the procedure. After completion of the protocol all subjects underwent diagnostic coronary angiog- In the frequency domain the timing between forward and backward waves was expressed in their phase relationship, whereas in time domain the relation between forward and backward waves was assessed from the computer-designated maxima of these waves (peak to peak time) as well as the time from the onset of ejection (measured from the flow pulse) to the peak of the backward wave (backward wave arrival time [BWAT]). All plots were reviewed visually to corroborate these computer designations of peak values. In instances of broad peaks, closely spaced peaks, or low-amplitude peaks, e.g., after vasodilation, the individual data points were examined. The designated peak value was that point that exceeded all other values by at least 0.5 mm Hg (the noise level of the system). If no true peak could be identified by these criteria, the subject was excluded from further analysis. This resulted in the exclusion of cardiomyopathy subject 1 from the nitroprusside response analysis. In cardiomyopathy subject 11 one peak was identified before the onset of ejection and therefore the next peak meeting criteria was chosen for analysis. In all other instances, the computer recognition agreed with visual inspection. The frequency at which Zn, was lowest (fi,i) and the linearly interpolated first zero crossing of impedance phase (40) correlate with pulse wave velocity." 13 The arrival time of the reflected wave must be related to wave velocity and, since fm. is also related to wave velocity, there should be a significant relationship between these two independently derived variables. 
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500 msec FIGURE 2. The instantaneous ratio PfJQf (or -P/Qb) for these 964 points agrees closely with the calculated Z4 with less than a 2% error.
The flow pulse is illustrated for timing purposes.
Statistics. All reported data are presented as mean + SD. A paired t test was used to assess changes within individuals and an unpaired t test was used in comparisons between the cardiomyopathy and normal groups. An analysis of variance (Newman-Keuls) was used in the comparison of control, exercise, and nitroprusside states in the eight subjects with cardiomyopathy. A p value less than .05 was considered statistically significant.
Results
Table 1 summarizes the differences in central hemodynamics between the normal and cardiomyopathy groups. Of note is the characteristic elevation of systemic vascular resistance in conjunction with a depressed cardiac output in the cardiomyopathy group, both at rest and on exercise. In spite of this elevated systemic resistance, the mean aortic characteristic impedance is similar between groups and does not change on exercise. The decrease in systemic vascular resistance on exercise also was similar between groups.
The comparative responses in central hemodynamics to exercise, intravenous nitroprusside, and exercise during nitroprusside infusion in the subset of eight patients with analyzable data in the cardiomyopathy group are summarized in mm Hg). The decrease in systemic vascular resistance on exercise, in contrast to nitroprusside, was accompanied by a significant increase in cardiac output and mean aortic pressure. Infusion of nitroprusside during exercise resulted in an increase in cardiac output over resting levels. In addition, systemic vascular resistance during exercise with nitroprusside was lower than that at rest with nitroprusside. Mean aortic pressure was significantly lower during exercise with nitroprusside than during the unmedicated exercise period. There was no significant change in aortic characteristic impedance with nitroprusside at rest or during exercise.
Indexes of arterial wave reflection. Figure 4 is an example from normal subject 2, at rest and on exercise, of the measured ascending aortic pressure and flow pulses along with the derived forward and backward components of each wave. As predicted by theory, the forward pressure wave is identical in shape to the forward flow wave, whereas the backward flow wave is the mirror image of the backward pressure wave. Note that in addition to the increase in aortic pressure and peak flow velocity on exercise, the measured pressure and flow pulses on exercise more closely resemble each other in shape. these normal subjects, the magnitude of arterial wave reflections was lower on exercise, as evidenced by decreases in the modulus of the first harmonic of the complex reflection coefficient and the reflection factor. These changes occurred in the setting of an increase in amplitude of the forward wave but no significant change in backward wave amplitude. The arrival time of the reflected wave appears altered on exercise as evidenced by the significant decrease in BWAT. In addition, the peak to peak time decreased (rest, 135 + 54 msec; exercise, 119 ± 50 msec, p < .05). This measure of enhanced transit time is also supported by increases in both the first zero crossing of impedance phase (rest, 4.0 ± 0.5 Hz; exercise, 4.6 ± 0.6 Hz) as well as fmin (rest, 3.9 + 0.6 Hz; exercise, 4.6 ± 0.8 Hz, p < .01). The reflected wave with exercise also occurs earlier in the course of ventricular ejection, as evidenced by a significant decline in the ratio of BWAT/left ventricular ejection time (rest, 0.93 ± 0.12; exercise, 0.81 ± 0.15, p = .005). Figure 5 is an example of rest and exercise aortic pressure and flow pulses from a subject with cardiomyopathy who also received nitroprusside. Note that figure 5 the changes in forward and reflected pressure and flow waves during infusion of nitroprusside are also illustrated. For these eight subjects, the hemodynamics are summarized in table 2 and the amplitude and timing of wave reflections are summarized in table 5. In this smaller subgroup there was a trend toward a decrease in CRC1 on exercise, although this differed from the cardiomyopathy group at large in that 716 the change was not statistically significant. Nitroprusside vasodilation decreases the modulus of the first harmonic of the complex reflection coefficient as well as the reflection factor. In contrast to exercise, nitroprusside significantly lowers the amplitudes of the backward pressure and flow waves. Infusion of nitroprusside at rest also lengthens the arrival time of the reflected wave and shifts fmin to lower frequencies (rest, 5 .0 ± 0.9 Hz; nitroprusside, 3.4 ± 1.2 fIz, p < .01).
However, when exercise is performed during infusion of nitroprusside there is an earlier return of the backward wave, albeit of smaller magnitude than that during the unmedicated exercise period. Thus exercise reverses the favorable effects of nitroprusside on the timing of reflections but the beneficial effects of nitroprusside on the magnitude of reflection persists. Note that pharmacologic vasodilation at rest results in no significant change in aortic characteristic impedance.
Discussion
The input impedance of the arterial system represents the reflection properties as well as the magnitude of aortic impedance and, therefore, completely defines the hydraulic vascular load on the left ventricle. In this study, resting measures of the magnitude of wave reflection were not significantly different between patients with dilated cardiomyopathy and subjects free of detectable cardiovascular disease in spite of greater systemic vascular resistance in the former. Moreover, the extent of change in wave reflection indexes on exercise in subjects with cardiomyopathy was less than normal in spite of comparable decreases in systemic resistance. Infusion of nitroprusside in resting subjects with heart failure resulted in significant and favorable In these subjects with heart failure both the discrepant behavior in indexes of wave reflection as well as a shortened transmission time on exercise may, in combination, result in potentially deleterious effects on forward flow. Such adverse effects are best appreciated in terms of abnormal ventricular-vascular coupling during exercise. Coupling is optimized when the lower harmonics of the flow pulse occur at frequencies at which impedance moduli are small. [14] [15] [16] Since for low frequencies arterial wavelength is much greater than the physical length of the arterial system, the effects of (pressure) There are several clinical implications of these findings. As noted above, arterial wave reflections may adversely influence both ventricular afterload and forward flow. Physiologic or therapeutic interventions designed to decrease the magnitude of the reflected wave or alter its timing may be beneficial in patients with heart failure. Because aortic characteristic impedance is not altered by nitroprusside, as we and others'8, 21 . 24 have shown, the significant effects of nitro-720 prusside on vascular hydraulic load reside in decreases in input resistance and wave reflections. Pharmacologic vasodilation, at rest, clearly has significant effects on arterial reflections in patients with heart failure, although the dose-dependent effects of arterial vasodilators need further study. The coupling of the normal left ventricle with its external vascular load is improved during exercise by an unchanged aortic characteristic impedance and decreases in the magnitude of arterial reflection and input resistance. Abnormal coupling in heart failure is seen in the discrepant response of indexes of wave reflection magnitude to decrease on exercise. Moreover, the increase in wave velocity on exercise25' 26 with the returning wave occurring earlier in the ejection period is an unfavorable situation.
The limitations of the methods used in this study need to be addressed. Although it is generally accepted that arterial wave reflections exist, the exact location of the effective reflecting site(s) is a matter of some debate.20' 21 The purpose of our study was not to identify these reflecting sites but rather to describe the changes in arterial reflection properties with physiologic and pharmacologic vasodilation. Nevertheless, a complete and accurate assessment of wave reflections must include an analysis of the location and distribution of these sites. It should be emphasized that, by obtaining our measurements at a single point in the ascending aorta, we examined a global reflection factor rather than any regional measure. Thus we are assessing a theoretic, composite reflected wave, which takes into account the many potential sites for wave reflection but does not identify them individually. This composite wave serves to represent the cumulative effects of peripheral wave reflection, including multiple reflections if any, at the inlet to the arterial system.8 In this regard it is notable that there were statistically nonsignificant trends toward differences in resting CRCI and reflection factor between groups in spite of the higher systemic resistance in the cardiomyopathy group. Measurements of local reflection coefficients, not performed in this study, would be of great interest because regional variation in the extent of reflection is likely.4 20 Moreover, differences in pulse wave velocity as well as a greater dispersion of reflecting sites in subjects with heart failure might tend to lower the global reflection coefficient. Only indirect measures of wave velocity were examined in this study and no attempt was made to determine these reflecting sites. Critical to our computations of the complex reflection coefficient and reflection factor is the precision with which ZC can be calculated. The reproducibility of our calculations has been previously reported'2 and tested again in the present study at four different physiologic states in patients with heart failure and two physiologic states in control subjects. Nevertheless, averaging impedance moduli from 4 to 12 Hz is, at best, a crude estimate of the value of impedance in the absence of reflections. There was great variability in these calculations as the standard deviations represented here can attest. The values reported from our laboratory are in accord with those from previous studies in both normal subjects and patients with heart failure but are at variance with others. 12 The precise identification of the first minimum in the continuous input impedance spectrum is precluded by the constraints of our method, since the harmonics derived are integral multiples of the fundamental frequency. It is unlikely that the true fmin exactly coincides with the fmin used in this study; therefore, changes in this variable may not truly reflect a shift in the actual minimum of the spectrum. Nevertheless, both .min and 40 have been previously reported to correlate with changes in vessel stiffness and therefore wave velocity. 1 13 For this reason we determined an independent method of assessing wave velocity, BWAT. That fmin and BWAT were inversely related supports their use as estimates of pulse wave velocity.
Inspection of the primary data reveals a tendency for nitroprusside to have an added effect during exercise, although many of these changes were not statistically significant. The subgroup of patients with cardiomyopathy was small, and therefore significant changes might be demonstrated with a larger study population. This limitation of our study is also noted in the response of CRC1 to exercise. Although a trend was demonstrable in the smaller subgroup, statistical significance was achieved only when the larger group was analyzed. It was not the purpose of this study to examine the dose-dependent effects of nitroprusside but rather to compare two different forms of arteriolar vasodilation. Additional studies of the dose-dependent effects of pharmacologic vasodilation on wave reflections in patients with heart failure would be of great interest.
